Summary. (E)-4-Hydroxy-2-nonenal (HNE), a cytotoxic end-product of lipid peroxidation, is present in significant amounts in human semen (0\m=.\902\ m=+-\ 0\m=.\190\g=m\M; mean \ m= + -\ s.e.; n = 18). The addition of the divalent cation ionophore A23187 to suspensions of human spermatozoa resulted in increased production of HNE. Exogenous HNE was powerfully spermicidal and as little as 50\g=m\M caused an irreversible loss of motility of human spermatozoa within minutes. The addition of human seminal plasma protected spermatozoa from the toxic effects of HNE.
Introduction
(£)-4-Hydroxy-2-nonenal (HNE) (Fig. 1) was first identified as a product of the lipid peroxidation of hepatic microsomal lipids (Benedetti et al, 1980) . HNE occurs normally in a number of different tissues and body fluids including plasma, liver, hepatocytes, heart, adrenal gland and testis in rats (Polie/ ai, 1985; Yoshino etai, 1986; Kuijk et ai, 1986) , erythrocytes in mice (Buffinton etai, 1988) , neutrophils, brain, retina, retinal pigment epithelium and kidney in dogs (Slakotos et ai, 1988) and platelets and monocytes in man (Selley et ai, 1989) . Increased concentrations of HNE have been reported in the plasma and liver in rats deficient in vitamin E (Yoshino et ai, 1986) , in neutrophils, brain and retinal pigment epithelium in neuronal-retinal ceroidosis in dogs (Slakotos et ai, 1988) and in erythrocytes in malaria-infected mice (Buffinton et al., 1988) .
HNE is a highly electrophilic agent which readily reacts with biomolecules containing sulphydryl (SH) groups including cysteine (Esterbauer et ai, 1976) , glutathione (Esterbauer et ai, 1975) and SH proteins such as DNA polymerase (Hauptlorenz et al., 1985) . HNE also reacts with amino groups in low-density lipoproteins (LDL) (Hoffe/ al, 1989) and deoxyguanosine (Winter et ai, 1986) .
HNE elicits a variety of biological effects including inactivation of glucose-6-phosphatase and cytochrome P-450 (Benedetti et ai, 1980) and adenylate cyclase and 5'-nucleotidase (Paradisi et ai, 1985) , lysis of erythrocytes (Benedetti et ai, 1980) , the reduction of Superoxide anión production by human neutrophils (Witz et ai, 1985) , potentiation of human platelet aggregation (Selley et ai, 1988) and chemotaxis of rat neutrophils (Curzio et ai, 1986) . HNE is cytotoxic against Ehrlich tumour ascites cells (Hauptlorenz et ai, 1985) and human umbilical cord vein endothelial cells (Kaneko et ai, 1988) ; genotoxic and cytotoxic in rat hepatocytes (Griffin & Segali, 1986) ; and toxic to the human malaria parasite (Clark et ai, 1987 phytohaemagglutinin and alloantigens (Tessitore et ai, 1987) and c-myc oncogene expression (Barrera et ai, 1987) and modifies LDL, inducing enhanced uptake by macrophages (Hoffe/ ai, 1989) . HNE is formed from arachidonic acid derived from polar phospholipids during lipid peroxi¬ dation (Esterbauer et ai, 1986 ). Arachidonic acid is also the major source of the malonaldehyde produced during lipid peroxidation (Niehaus & Samuelsson, 1968) . The peroxidation of the phospholipids of human spermatozoa has been determined by measuring the malonaldehyde pro¬ duced by its reaction with 2-thiobarbituric acid (TBA) (Jones et ai, 1979) . HNE is a highly lipophilic compound (Benedetti et ai, 1980) , which may lead to its accumulation in biomembranes, resulting in much higher concentrations than in free solution (Esterbauer et ai, 1982) . Malon¬ aldehyde is a hydrophilic compound which does not remain in the cell membrane but diffuses into the surrounding aqueous phase (Esterbauer et ai, 1982) . HNE is also much more reactive than malonaldehyde (Esterbauer et ai, 1982) .
There is evidence that human spermatozoa are capable of producing reactive oxygen species (Aitken & Clarkson, 1987) . Since unsaturated fatty acids in the phospholipids of human spermato¬ zoa are highly susceptible to peroxidation (Jones et ai, 1979) , we postulated that human spermato¬ zoa may produce HNE. In this study, we demonstrated that human semen contains significant amounts of HNE.
Materials and Methods
The donors were healthy individuals who had been screened for antibodies against hepatitis and HIV. All donors possessed semen profiles with >50 IO6 spermatozoa ml: >50% mollili) and >80% normal morphology. Semen samples were collected by masturbation after 3 days of sexual abstinence and allowed to liquefy for 30 min at 37°C.
Identification of HNEin human semen. HNE was identified in human semen by capillary column gas chromatography/ negative ion chemical ionization mass spectrometry (GC/NICIMS) (Selley et al, 1989) . The extract was prepared immediately after liquefaction by mixing 1 ml of semen with 20 µ of butylated hydroxytoluene in methanol (10mg/ml) and 4ml of 1-5m sodium acetate buffer, pH 50, containing lOmg of 0-(2,3,4,5,6 pentafluorobenzyl) hydroxylamine hydrochloride/ml on a vortex mixer for 1 min. The mixture was cooled in ice and sonicated for 30 s. The HNE O-pentafluorobenzyl (O-PFB) oxime derivative was extracted twice with 3 ml of ethyl acetate and the combined extracts were evaporated to dryness under a stream of nitrogen. The residue was extracted in 3 ml of distilled water and purified on a C,8 reversed-phase cartridge. The HNE O-PFB oxime derivative was isolated by highperformance liquid chromatography and derivatized further to the trimethylsilyl (TMS) ether derivative as described previously (Selley et al, 1989) .
Quantification of HNE in semen. The determination of HNE in individual ejaculates was achieved by GC/NICIMS using selected ion monitoring with deuterated HNE as the internal standard (Selley et al, 1989) .
Production of HNE by spermatozoa. Spermatozoa from separate semen samples obtained from different donors were isolated by centrifugation at 550 x g for 5 min. The seminal plasma was aspirated and 0-5 ml of modified Whittingham's T6 medium without foetal bovine serum (Trounson, 1983) layered over the pellet. The spermatozoa were incubated for 30 min at 37"C and the upper part (0-3 ml) was aspirated. (Selley et al, 1989) .
Effect ofexogenous HNE on spermatozoa. Spermatozoa were isolated by the swim-up procedure, and resuspended in modified Whittingham's T6 medium without foetal bovine serum at a concentration of 5 106/ml. In some exper¬ iments, seminal plasma prepared by centrifugation of fresh ejaculates was added to give a concentration of 25% (v/v). HNE prepared by synthesis (Esterbauer & Weger, 1967) was dissolved in distilled water and the exact concentration determined spectrophotometrically as previously described (Selley et al, 1989 ). This solution (10 µ ) was added to the suspension of spermatozoa (300 µ ) to give the desired final concentration of HNE. The spermatozoa were then incubated at 37UC and the number of motile sperm in relation to the total number was determined at intervals using phase-contrast microscopy. Statistical analysis. Statistical analysis was performed using Student's / test for paired observations. Differences were considered to be statistically significant when < 005.
Results

Identification of HNE in human seminal fluid
The O-PFB oxime TMS ether derivative of HNE was distinguished in the total ion current profile as a pair of peaks of characteristic relative proportion and retention time (Fig. 2) . The N1CI mass spectra of these isomerie components were consistent with those of the E-and Z-isomers from synthetic HNE O-PFB oxime TMS ether (Fig. 3) . (Fig. 4) . The addition of seminal plasma had a protective effect, increasing the survival time of spermatozoa (Fig. 4) .
Discussion
In this study, we identified HNE as a constituent of normal human semen using GC/NICIMS. There was a considerable variation in the concentration of HNE in individual ejaculates. The concentrations of HNE in human semen were approximately 1000 times higher than those observed in rat plasma (Yoshino et ai, 1986 ) and were about half those produced after the stimu¬ lation of lipid peroxidation by carbon tetrachloride or ADP-iron in isolated rat hepatocytes (Poli et ai, 1985) .
The production of HNE by human spermatozoa isolated by the swim-up procedure indicates that spermatozoa are probably at least partly responsible for the HNE found in semen. It has been demonstrated previously that the major reactive oxygen species produced by human spermatozoa in response to A23187 in the presence of calcium is the Superoxide anión radical (Aitken & Clarkson, 1987) . The Superoxide anión itself is not particularly reactive but it can generate the hydroxyl radical in the presence of transition metal ions which could then stimulate lipid peroxi¬ dation (Slater, 1984) . Since unsaturated fatty acids present in the phospholipids of human spermatozoa are highly susceptible to peroxidation (Jones et ai, 1979) , oxygen-free radicals generated by spermatozoa may be involved in the production of HNE.
Since foetal calf serum reacts with HNE, the spermicidal effects of HNE were studied in serumfree medium (Kaneko et ai, 1988) . Exogenously added HNE was spermicidal to spermatozoa at concentrations similar to those at which it is cytotoxic in vitro to a number of other cell types (Hauptlorenz et ai, 1985; Griffin & Segall 1986; Tessitore et ai, 1987; Kaneko et ai, 1988) . HNE is highly lipophilic (Benedetti et ai, 1980) and, if it is formed from the polyunsaturated fatty acids of spermatozoa, it could accumulate in spermatozoa and reach concentrations much higher than those in seminal plasma. Fig. 3 . (opposite) Comparative mass spectra (capillary column gas chromatography/negative ion chemical ionization mass spectrometry) for synthetic and endogenous samples of (a) the E-and (b) Z-oxime isomers of (£)-4-hydroxy-2-nonenal (HNE) O-pentafluorobcnzyl oxime trimethylsilyl ether (Mr423). Spectra were obtained from a VG Micromass 70-70 mass spectrometer interfaced to a Hewlett-Packard 5792A capillary gas Chromatograph, using ammonia as the negative ion chemical ionization reagent gas. It has been shown that the production of reactive oxygen species by human spermatozoa is inversely related to their ability to exhibit sperm-oocyte fusion (Aitken & Clarkson, 1987) . The considerable variation in the concentration of HNE in seminal fluid together with its effects on the motility and survival of spermatozoa suggest that the excessive generation of HNE might be associated with male infertility.
It has been demonstrated that in sea urchins increases in the reactivity of SH groups occur upon the activation of sperm (Hino et ai, 1986) . There is a correlation between increases in intracellular pH during sperm activation and increased SH reactivity. The addition of the SH reagent iodoacetamide inhibits sperm respiration and motility and reduces pH. HNE also inhibits respiration in bovine spermatozoa (I. G. White & M. L. Selley, unpublished observations). Since HNE is highly active towards SH groups (Esterbauer et ai, 1975 (Esterbauer et ai, , 1976 , it seems reasonable to suppose that SH groups may be a target in the spermicidal action of HNE. The effect of seminal plasma in protecting spermatozoa from the toxic effects of HNE may be related to the presence of protein SH groups. A similar protection by seminal plasma against the spermicidal effect of exogenous peroxidized fatty acids on washed human spermatozoa has been reported (Jones et ai, 1979) .
Seminal plasma suppresses human lymphocyte responses to mitogens and alloantigens (Stites & Erickson, 1975) . HNE has a similar effect, a concentration of only µ suppressing the proliferative response (Tessitore et al., 1987) . The generation of HNE by human spermatozoa may be respon¬ sible for the lack of an immune response by females against seminal antigens. Human semen con¬ tains histocompatibility antigens and is a good stimulator of lymphocyte transformation (Levis et ai, 1976) . The suppression of local immune responses in the female reproductive tract may protect sperm from elimination or the development of hypersensitivity in the female.
The presence of HNE in human semen may be of particular importance in the pathogenesis of the acquired immune deficiency syndrome (AIDS). There is evidence that impaired cellular immunity occurs in male homosexuals seronegative for HIV and that this is associated with receptive anal intercourse (Ratnam et ai, 1986) . Increased concentrations of HNE in semen may render it more immunosuppressive and increase susceptibility to HIV infection in semen recipients.
It has been suggested that semen may play a role in the etiology of cervical cancer (Kessler, 1974) and there is evidence that semen may be a cause of anal cancer (Daling et ai, 1987) . HNE could be partly responsible, since subcytotoxic concentrations of HNE which do not change the mitotic index increase the number of mononuclei and cause increased frequency of sister chromatid exchange and chromosomal aberrations in cultured rat hepatocytes (Griffin & Segali, 1986) . HNE forms cyclic adducts with deoxyguanosine (Winter et ai, 1986) and inhibits the DNA repair mechanism (Krokan et ai, 1985 
